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JHRPHWULHV IRU H[DPSOH IRU FKLS EUHDNHUV LQ FXWWLQJ WRROV IURP KDUGPDWHULDOV VXFK DV WXQJVWHQ FDUELGH 7& RU
SRO\FU\VWDOOLQHFXELFERURQQLWULGH3&%1>@
&KLS EUHDNHUV LQ FXWWLQJPDWHULDOV RI KLJK KDUGQHVV DUH FRQYHQWLRQDOO\PDQXIDFWXUHG E\ JULQGLQJ RU HOHFWULFDO
GLVFKDUJHPDFKLQLQJ('01HYHUWKHOHVVLQWKHVHPDQXIDFWXULQJPHWKRGVWKHJHRPHWULFDOIUHHGRPLVOLPLWHGE\WKH
VKDSH DQG VL]H RI WKH JULQGLQJZKHHOVRU HOHFWURGHV DQG D FULWLFDO KHDW DIIHFWHG ]RQH +$= LV SUHVHQW >@/DVHU
DEODWLRQLQFRQWUDVWWRWKHFRQYHQWLRQDOPHWKRGVHQDEOHVDQRQFRQWDFWDQGWKXVIRUFHDQGZHDUIUHHSURFHVVLQJ
7KH JHRPHWULF GLYHUVLW\ LV VLJQLILFDQWO\ OHVV VXEMHFW WR OLPLWDWLRQV DQG DUHDV QRUPDOO\ GLIILFXOW WR DFFHVV FDQ EH
PDFKLQHG ,Q WKLV FRQWH[W ODVHU DEODWLRQ HQKDQFHV LQQRYDWLYH FXWWLQJ WRRO GHVLJQV ZKLFK DUH DEOH WR UHDOL]H QHZ
SRWHQWLDO IRU LPSURYHG FKLSSLQJ SURFHVVHV ZLWK KLJKHU FXWWLQJ VSHHGV DQG UHGXFHG WRRO ZHDU ZKHQ PDFKLQLQJ
XOWUDKLJKVWUHQJWKVWHHOVRUWLWDQLXPDOOR\V
)RUFXWWLQJWRROVDQGFKLSEUHDNHUVIURPKDUGPDWHULDOVWKHUHRFFXUKLJKGHPDQGVUHJDUGLQJWKHVXUIDFHTXDOLW\
+HUH FRQYHQWLRQDO SURFHVVHV DUH VWLOO VXSHULRU:KLOH WKH VXUIDFH URXJKQHVVSa RI WXQJVWHQ FDUELGH DIWHU JULQGLQJ
DPRXQWV Sa P WKH VXUIDFH URXJKQHVV E\ ODVHU DEODWLRQ UHDFKHV Sa P ZKHQ SURFHVVLQJ LQ D[LDO
GLUHFWLRQ RI WKH ODVHU EHDP1HYHUWKHOHVVZKHQ D VSHFLILFDOO\ WDLORUHG DQG DGMXVWHG VXUIDFH URXJKQHVV LV UHTXLUHG
ODVHUDEODWLRQLVDGYDQWDJHRXV>@
7RIXUWKHUXWLOLVHWKHEHQHILWVRIIHUHGE\ODVHUDEODWLRQWKHURXJKQHVVQHHGVWREHUHGXFHG7KHLQIOXHQFHRQWKH
VXUIDFHTXDOLW\RI ODVHUSDUDPHWHUVVXFKDVDYHUDJHSRZHUSXOVHIUHTXHQF\VFDQVSHHG IRFDOSRVLWLRQHWFHWHUD LV
GHVFULEHGLQPXOWLSOHVWXGLHV>@%HVLGHVE\ODVHUSDUDPHWHUVWKHVXUIDFHURXJKQHVVLVVLJQLILFDQWO\LQIOXHQFHGE\
WKH KDWFKLQJ H[SRVXUH VWUDWHJ\ ,Q WKLV FRQWH[W WKH KDWFKLQJ DQJOH EHFRPHV LPSRUWDQW WR WKH HYHQWXDO VXUIDFH
URXJKQHVVRIWKHFKLSEUHDNHUFDYLW\
'XULQJODVHUDEODWLRQYROXPLQRXVJHRPHWULHVVXFKDVFKLSEUHDNHUVDUHSURFHVVHGE\DOD\HUZLVHDUHDOPDWHULDO
UHPRYDO,QHDFKOD\HUWKHFURVVVHFWLRQDODUHDLVILOOHGZLWKSDUDOOHOODVHUYHFWRUVDQGWKXVDFRQVWDQWWUDFNGLVWDQFH
TDDQGSXOVHGLVWDQFH PD LVPDLQWDLQHG7KHKDWFKLQJDQJOHGHVFULEHV WKHDQJOHEHWZHHQ ODVHUYHFWRUVRI WZR
FRQVHFXWLYHOD\HUV
7KLV UHVHDUFKFRQVLGHUV WKHFHQWUDOTXHVWLRQVZKLFKTXDQWLWDWLYH LQIOXHQFHRI WKHKDWFKLQJH[SRVXUHVWUDWHJ\RQ
WKHILQDOVXUIDFHURXJKQHVVFDQEHFKDUDFWHUL]HGDQGKRZWKHDSSHDUDQFHRIURXJKQHVVWKURXJKH[SRVXUHVWUDWHJLHV
FDQEHH[SODLQHG7KHUHIRUHWKHLQIOXHQFHRIVSHFLILFKDWFKLQJDQJOHVRQWKHVXUIDFHTXDOLW\GXULQJSLFRVHFRQGODVHU
DEODWLRQRIKDUGPDWHULDOVLVH[DPLQHGDQGDIIHFWLQJPHFKDQLVPVRIURXJKQHVVIRUPDWLRQDUHLGHQWLILHG)XUWKHUWKH
FRQFOXGLQJTXHVWLRQLVDQVZHUHGZKLFKVHWWLQJKDVWREHDSSOLHGDVDIDYRUDEOHKDWFKLQJDQJOHIRUDKLJKTXDOLW\ODVHU
DEODWLRQSURFHVV
6WDWHRIWKHDUW
7KHLQIOXHQFHRIDQDQJXODUKDWFKLQJH[SRVXUHVWUDWHJ\RQWKHVXUIDFHURXJKQHVVLVRQO\PDUJLQDOO\DQDO\]HG,Q
UHFHQW VWXGLHV GXULQJ ODVHU DEODWLRQ ZLWK WKH REMHFWLYH WR UHGXFH WKH VXUIDFH URXJKQHVV RI 'SULQWHG SDUWV
&DPSDQHOOL HW DO  XVHG D  KDWFKLQJ DQJOH >@ +RZHYHU WKH DQJOH ZDV QRW YDULHG IXUWKHU DQG LQ WKH
DQDO\VLVRQO\ODVHUSDUDPHWHUVZHUHWDNHQLQWRDFFRXQWDVDIDFWRURILQIOXHQFHRQURXJKQHVV'XULQJODVHUILQLVKLQJ
RIPHWDOOLFPDWHULDOV.RFKZDVDSSO\LQJDKDWFKLQJDQJOHRQFRSSHUZKHQZRUNLQJZLWKDtp ±QV
SXOVHGP :1G<$*/DVHU>@7KHSURFHVVUHVXOWZDVLPSURYHGZKHQIROORZLQJOD\HUVDUHQRWFRQJUXHQW$
FRQJUXHQFHHTXDWHVDKDWFKLQJDQJOHRIĳ :LWKDQDOWHUQDWLQJKDWFKLQJDQJOHEHWZHHQHDFKOD\HUĳn DQG
ĳn+1  D URXJKQHVVRIRa PZDVDFKLHYHGDIWHU DEODWLRQRIn  OD\HUV DQGZLWKDKDWFKLQJDQJOHRI
ĳ  D URXJKQHVV RIRa PZDVPHDVXUHG.RFK  DVVXPHV WKDW WKH VPDOOHU WKH KDWFKLQJ DQJOH WKH
PRUH KRPRJHQRXV WKHRYHUODSRI ODVHU WUDFNV DQG WKXV WKHKLJKHU WKH VXUIDFHTXDOLW\$W WKHĳ  VHWWLQJ DQ
RULHQWHGPLFURVFRSLFVWUXFWXUHZDVREVHUYHGZKLFKDIIHFWVWKHVXUIDFHURXJKQHVV7KHVWUXFWXUHZDVQRWSUHVHQWRQ
WKHĳ VHWWLQJLQ.RFKVVWXG\1HYHUWKHOHVVWKHH[DPLQDWLRQRIIXUWKHUDQJXODUVHWWLQJVLVQHJOHFWHGDQG
GHWDLOHGPHFKDQLVPVRIURXJKQHVVIRUPDWLRQDUHQRWGHVFULEHG
2WKHU WHFKQRORJLFDO DSSURDFKHV WR UHGXFH D VXUIDFH URXJKQHVV E\ ODVHU SURFHVVLQJ FDQ DOUHDG\ UHDOL]H D KLJK
VXUIDFHTXDOLW\:LWKODVHUSROLVKLQJ5RVDHWDOZHUHDEOHWRDFKLHYHDURXJKQHVVRIXSWRSa PDQG
7HPPOHUHWDOFRXOGHYHQUHDFKRaP>@+RZHYHUWKLVSROLVKLQJSURFHVVXVHVODVHUUHPHOWLQJ
0DWHULDO RQ WKH VXUIDFH RIZRUNSLHFHV LVPROWHQ DQG D VPRRWK VXUIDFH LV FUHDWHG E\ VXUIDFH WHQVLRQ RI WKHPHOW
7KHUHIRUH WKH SURFHVV LV QRW IHDVLEOH IRU PDWHULDOV ZLWK QR GLVWLQJXLVKHG PHOWLQJ SRLQW VXFK DV FDUERQILEHU
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UHLQIRUFHGSODVWLF&)53RUPDWHULDOVZLWKVXFKDKLJKPHOWLQJSRLQWVXFKDV3&%1RU7&WKDWVXUURXQGLQJDUHDV
ZRXOG EH WKHUPDOO\ GDPDJHG LI WKH PHOWLQJ SRLQW LV H[FHHGHG RYHU D VLJQLILFDQWO\ ORQJHU GXUDWLRQ WKDQ XVXDO
SXOVHZLGWKV$OVRLWLVQRWDSSOLFDEOHIRUSDUWVWKDWDOORZQRWKHUPDOLPSDFWQRPLFURVWUXFWXUDOFKDQJHRUQRUHFDVW
]RQHDWDOOVXFKDVPHGLFDOLPSODQWVRUDHURVSDFHSDUWV
$QRWKHUDSSURDFKWRDFKLHYHDKLJKVXUIDFHTXDOLW\IURPODVHUSURFHVVHVFRQFHQWUDWHVRQWKHLQWHJUDWLRQRIVHQVRU
WHFKQRORJ\7KHVHQVRULFV\VWHPLVVXEMHFWWRJDWKHULQJFKDUDFWHULVWLFSURFHVVGDWDVXFKDVSURFHVVUDGLDWLRQDFRXVWLF
HPLVVLRQVRUGLVWDQFHEHWZHHQVHQVRUDQGVXUIDFHRIWKHZRUNSLHFH>@7RWDNHLQIOXHQFHRQWKHODVHUSURFHVV
WKHSURFHVVLQJRIVHQVRUGDWDDQGDQDFFRUGLQJDGDSWLRQRI ODVHUSDUDPHWHUV LVQHFHVVDU\7KHUHIRUH WKLVDSSURDFK
UHTXLUHVFRPSOH[DQGH[SHQVLYHKDUGDQGVRIWZDUHIRUDQDXWRPDWLFFRQWURO7RDYRLGDQ LQFUHDVH LQFRVWRIQHZ
DEODWLRQV\VWHPVRUDQH[SHQVLYHDQGVXSSOHPHQWDU\EDFNILWWLQJRI LQGXVWULDOO\XVHGDEODWLRQPDFKLQHVWKHSUHVHQW
UHVHDUFKHVWDEOLVKHVDIDVWDQGHDV\SRVVLELOLW\WRVLJQLILFDQWO\LPSURYHVXUIDFHTXDOLW\ZLWKQRDGGLWLRQDOH[SHQVHV
([SHULPHQWDOVHWXS
3.1. Material 
,QYHVWLJDWLRQVDUHFDUULHGRXWRQD W\SH.;)..FDUELGHPHWDOZLWKD WXQJVWHQFDUELGH7&FRQWHQWRI
DQGDFREDOWEDVHGELQGHU WRJDLQDEDVLFXQGHUVWDQGLQJRI WKHPHFKDQLVPVRI VXUIDFH URXJKQHVV IRUPDWLRQ
7KHDYHUDJHJUDLQVL]HLVPWKHGHQVLW\JFPDQGWKH9LFNHUV+DUGQHVVHV30 /DVHUDEODWLRQRI
WKHEODQNVVWDUWVRQDQRULJLQDOVXUIDFHZLWKDURXJKQHVVRISa,orig PSURFHVVHGE\JULQGLQJ
3.2. Laser system and setup 
7KHH[SHULPHQWVZHUHSHUIRUPHGE\XVHRIDSLFRVHFRQGODVHUVRXUFHZKLFKHPLWVODVHUSXOVHVZLWKDSXOVHZLGWK
RItP SVDQGDZDYHOHQJWKRIȜ QP7KHDYHUDJHSRZHUFDQEHVHWXSWRP :DQGWKHUHSHWLWLRQUDWH
LVDGMXVWDEOHIURP f ±N+]7KHPHFKDQLFDOEHDPJXLGLQJV\VWHPFRQVLVWVRIWKUHHOLQHDUD[HVDQGWZR
URWDU\RQHV IRUDPD[LPXPRIJHRPHWULFGLYHUVLW\ ,QDGGLWLRQ WKHEHDPGHIOHFWLRQV\VWHPSURYLGHV WKUHHRSWLFDO
D[HV ZLWK D PD[LPXP VFDQ ILHOG VL]H RI PP[PP LQ WKH [\SODQH 7KH IRFDO OHQJWK RI WKHFĬOHQV LV
PP$IWHUDSDUDPHWHUGHWHUPLQDWLRQIROORZLQJWKHPHWKRGLFDODSSURDFKRI'DQLHOHWDO>@ WKHODVHU
SDUDPHWHUVDUHNHSWFRQVWDQWDVVKRZQLQ7DEOH,QHDFKOD\HUWKHSXOVHGLVWDQFHPDDQGWKHWUDFNGLVWDQFHTD
ZKLFKGHILQHWKHGLVWULEXWLRQRIIROORZLQJSXOVHVDQGWKHGLVWDQFHEHWZHHQSDUDOOHOODVHUWUDFNVDUHVHWWRPD P
DQGTD P 7KH VFDQ VSHHG LV vs PPV ([SHULPHQWDO UHVXOWV VXFK DV DEODWLRQ GHSWK WUDFNZLGWK DQG
GLPHQVLRQVRIWKHLQWHUVHFWLRQDUHDVDUHPHDVXUHGXVLQJFRQIRFDOPLFURVFRS\
7DEOH)L[HGODVHUSDUDPHWHUV
3DUDPHWHU 3XOVHZLGWK $YHUDJH
SRZHU
5HSHWLWLRQ
UDWH
6FDQ
VSHHG
:DYHOHQJWK :LGWKRIODVHUWUDFN
)RFDOGLDPHWHU
9DULDEOH tp P f vs Ȝ dF 
9DOXH      
8QLW SV : N+] PPV QP P
3.3. Methodology 
)RU WKH LQYHVWLJDWLRQRQIRUPLQJPHFKDQLVPVRIVXUIDFHURXJKQHVVDPHWKRGLFDODSSURDFKZDVFUHDWHG)RU WKH
GHWDLOHGDQDO\VLVRIWKHRFFXUULQJPHFKDQLVPVRIVXUIDFHURXJKQHVVIRUPDWLRQWKHDUHDOOD\HUZLVHDEODWLRQSURFHVVLV
VHSDUDWHG LQWR LWVHOHPHQWVZKLFKDUH UHSUHVHQWHGE\ LQWHUVHFWLRQ]RQHVEHWZHHQ WZRDVZHOODV LQWHUVHFWLRQ]RQHV
EHWZHHQ PXOWLSOH ODVHU YHFWRUV DQG WKH FKDUDFWHULVWLF RI F\FOH FRPSOHWLRQ QXPEHU LV LQWURGXFHG )LJXUH 7KH
DJJUHJDWHGREVHUYDWLRQVDUH WKHQPHUJHG LQ WKHDUHDODEODWLRQDQGGHYHORSPHQWVWDJHVRI URXJKQHVVIRUPDWLRQDUH
H[DPLQHG 7KH UHVXOWV RI DOO H[SHULPHQWV DOORZ IRU D FRQFOXVLRQ DERXW IDYRUDEOH VHWWLQJV IRU KLJK TXDOLW\ ODVHU
DEODWLRQSURFHVVHV
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
 
)LJ0HWKRGLFDODSSURDFK
)RUDUHDODEODWLRQWKHGLUHFWLRQRIWKHODVHUYHFWRUVIRUHDFKOD\HULVGHILQHGE\WKHGLUHFWLRQRIWKHSUHYLRXVOD\HU
SOXVWKHKDWFKLQJDQJOH$ELGLUHFWLRQDOH[SRVXUHVWUDWHJ\ZKHUHIROORZLQJODVHUYHFWRUVDUHGLUHFWHGFRQWUDU\WRHDFK
RWKHUZDVXVHGGXULQJDOOH[SHULPHQWVRQDUHDODEODWLRQ)RUTXDQWLILFDWLRQRIWKHVXUIDFHURXJKQHVVWKHDULWKPHWLFDO
PHDQKHLJKWSaDQGWKHPD[LPXPKHLJKWSzZLWKLQDGHILQLWLRQDUHDZDVPHDVXUHGDFFRUGLQJWR,62XVLQJD
FRQIRFDO PLFURVFRSH 6XUIDFH URXJKQHVV ZDV GHWHUPLQHG  WLPHV WR HQVXUH UHSURGXFLELOLW\ DQG WKH DYHUDJH LV
GLVSOD\HGDWHDFKH[SHULPHQW'XHWRWKHDQDORJ\RIH[SHULPHQWDOUHVXOWVUHJDUGLQJSaDQGSzRQO\SaLVGHSLFWHGLQ
WKH IROORZLQJ DQDO\VLV )XUWKHUPRUH KDWFKLQJ DQJOHV IURP ĳ ± EHKDYH HTXDOO\ WR DQJOHV IURP
ĳ ± GXH WR UHDVRQV RI JHRPHWULFDO V\PPHWU\ 7KH V\PPHWU\ LV H[SORLWHG DQG WKHUHIRUH DQJOHV IURP
ĳ ±DUHQHJOHFWHGLQWKHH[SHULPHQWDODSSURDFK
5HVXOWVDQG'LVFXVVLRQ
4.1. Areal ablation and surface roughness depending on the hatching angle 
7R ILQGJHQHUDO FRQQHFWLRQVEHWZHHQ WKHKDWFKLQJ DQJOHDQG WKH VXUIDFH URXJKQHVV ODVHU DEODWLRQ DW DOO LQWHJHU
KDWFKLQJDQJOHV IURPĳ ±ZDVSHUIRUPHG7KHQXPEHURIDEODWHG OD\HUVZDVn  IRUHDFKVHWWLQJRI
KDWFKLQJDQJOH)LJXUHVKRZVWKHUHVXOWLQJVXUIDFHURXJKQHVVSaGHSHQGLQJRQWKHKDWFKLQJDQJOH7KHURXJKQHVVRI
WKHJURXQGRULJLQDOVXUIDFHLVSa,orig P$OOURXJKQHVVYDOXHVIURPDEODWLRQDUHDFKLHYHGZKLOHNHHSLQJWKH
VHWWLQJ RI ODVHU SDUDPHWHUV IURP 7DEOH FRQVWDQW 7KH DYHUDJH RI DOO URXJKQHVV YDOXHV IURP DEODWLRQ LV
Sa,aver P ,Q FRQWUDVW WR WKH DYHUDJH URXJKQHVV WKHUH RFFXU VLQJOH H[SRVHG SRLQWV WKDW VKRZ D KLJKHU
URXJKQHVVWKDQIURPWKHVXUURXQGLQJDQJXODUVHWWLQJV$QRWLFHDEOHKLJKHUURXJKQHVVFDQEHREVHUYHGHJDWDQJOHV
RIĳ HWFHWHUD)LJXUH)XUWKHUPRUHVHWWLQJVRIKDWFKLQJDQJOHVIURPĳ íVKRZDWUHQG
RIGHFUHDVLQJURXJKQHVVFRPLQJIURPDKLJKYDOXHZKLOHDQJXODUVHWWLQJVIURPĳ íVKRZDQLQFUHDVLQJ
URXJKQHVV


$UHDO
DEODWLRQ
$UHDO
DEODWLRQ
7ZRWUDFN
LQWHUVHFWLRQV
0XOWLSOHWUDFN
LQWHUVHFWLRQV
&\FOHFRPSOHWLRQ
QXPEHU
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 
)LJ6XUIDFHURXJKQHVVGHSHQGLQJRQWKHKDWFKLQJDQJOH
'XHWRWKHSULRUH[HFXWHGGHWHUPLQDWLRQRIODVHUSDUDPHWHUVWKHPHDQVXUIDFHURXJKQHVVFRXOGDOUHDG\EHVHWWRD
UHODWLYHO\ ORZ OHYHO RI Sa,aver P FRPSDUHG WR DEODWLRQ SURFHVVHV LQ FRPPRQ >@ :KLOH DOVR WKH
SUHOLPLQDU\FRQGLWLRQRIWKHRULJLQDOVXUIDFHLQIOXHQFHVWKHRYHUDOODFKLHYDEOHURXJKQHVVZKHQIOXHQFLHVDUHQRWVHW
XS LGHDOO\DQ LUUHJXODUDEODWLRQDQGD WKXVLQFUHDVHGURXJKQHVVFDQRFFXU5HJDUGLQJWKHSUHVHQFHRIDQXOWUDVKRUW
DEODWLRQUHJLPHWKHHQHUJ\SHQHWUDWLRQGHSWKDQGRSWLFDOSHQHWUDWLRQGHSWKQHHGWREHWDNHQLQWRDFFRXQW7KHXOWUD
VKRUWFRQGLWLRQLVIXOILOOHGZKHQWKHHQHUJ\SHQHWUDWLRQGHSWKGXULQJWKHLQWHUDFWLRQRIDODVHUSXOVHZLWKWKHPDWHULDO
LV HTXDO RU VPDOOHU WKDQ WKH RSWLFDO SHQHWUDWLRQ GHSWK (QHUJ\ SHQHWUDWLRQ GHSWK GHSHQGV RQ WKH KHDW GLIIXVLRQ
FRHIILFLHQWDQGWKHLQWHUDFWLRQWLPHEHWZHHQWKHODVHUSXOVHDQGWKHPDWHULDO2SWLFDOSHQHWUDWLRQGHSWKLVLQIOXHQFHG
E\ WKH DEVRUSWLRQ FRHIILFLHQW ZKLFK LWVHOI LV PDWHULDO DQG ZDYHOHQJWK GHSHQGHQW >@ :LWK D ZDYHOHQJWK RI
Ȝ QP D SXOVHZLGWK RI tp SV DQG D KLJK WKHUPDO FRQGXFWLYLW\ RI.. WXQJVWHQ FDUELGH JUDGH RI
ț ±:P.WKHHQHUJ\SHQHWUDWLRQGHSWKLVVLWXDWHGLQWKHVDPHUDQJHDVWKHRSWLFDOSHQHWUDWLRQGHSWK>@
7KHUHIRUHWKHSUHVHQWDEODWLRQFDQEHUHJDUGHGDVDQRSWLFDOO\GRPLQDWHGDEODWLRQSURFHVV%DVHGRQWKHSUHOLPLQDU\
SDUDPHWHU GHWHUPLQDWLRQ DOVR D WKHUPDO LQÀXHQFH E\ KHDW DFFXPXODWLRQ WKURXJK SXOVH WR SXOVH LQWHUDFWLRQ ZDV
DYRLGHGDQG LQDQDGGLWLRQDO6(0DQDO\VLV WKHDEVHQFHRID UHOHYDQWKHDWDIIHFWHG]RQHDQGUHVROLGLILHGPHOWZDV
FRQILUPHG$KHDWDIIHFWHG]RQHDQGUHVROLGLILHGPHOWZRXOGKDYHLQFUHDVHGWKHRYHUDOOURXJKQHVVOHYHO
7KHIXQGDPHQWDOTXHVWLRQWKDWDULVHVIURPWKHSUHVHQWH[SHULPHQWLVKRZWKHFKDUDFWHULVWLFDQGWKHH[SRVHGYDOXHV
LQ )LJXUH FDQ EH H[SODLQHG7KHUHIRUH DV GHVFULEHG LQ 6HFWLRQ WZR IXQGDPHQWDO H[SHULPHQWV DUH FUHDWHG WR
FODULI\WKHEHKDYLRXURIURXJKQHVVIRUPDWLRQ
4.2. Two-track intersection 
2Q DUHDV H[SRVHG ZLWK D KDWFKLQJ DQJOH RI ĳאሿ>WKHUH RFFXU LQWHUVHFWLRQV EHWZHHQ ODVHU WUDFNV RI
VXEVHTXHQWDEODWLRQOD\HUV7KHPDWKHPDWLFDOVHWH[FOXGHVĳ DQGĳ GXHWRQRSUHVHQFHRI LQWHUVHFWLRQ
)URP D PLFURVFRSLF SRLQW RI YLHZ WKH LQWHUVHFWLRQV EHWZHHQ ODVHU YHFWRUV DUH QRW SRLQWVKDSHG EXW LQFOXGH D
FRQVLGHUDEOHDUHDGXHWRWKHZLGWKRIODVHUWUDFNVdF7KHLQWHUVHFWLRQDUHDAIALVGHILQHGDVWKHRYHUODSSLQJDUHDRI
WZRODVHUWUDFNVIURPWZRGLIIHUHQWOD\HUV)LJXUHAIAFDQEHFDOFXODWHGIURPWKHLQWHUVHFWLRQGLDJRQDOdIAZKLFK
LVDIXQFWLRQRIODVHUWUDFNZLGWKdFDQGKDWFKLQJDQJOHĳ
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 
)LJ'LPHQVLRQVRIDWZRWUDFNLQWHUVHFWLRQDUHDDPLFURVFRSLFLPDJHEVFKHPDWLFUHSUHVHQWDWLRQ
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7KHREMHFWLYHRI WKHH[DPLQDWLRQRQ WZRWUDFN LQWHUVHFWLRQ DUHDV LV WRGHWHUPLQHKRZ WKH IRUPDWLRQRI VXUIDFH
URXJKQHVV LV LQIOXHQFHG GLUHFWO\ E\ LQWHUVHFWLRQ DUHDV7KHUHIRUH D VLQJOH ODVHU WUDFNZLWK RULHQWDWLRQ RIĳ  LV
DEODWHGZKLFKLVVXEVHTXHQWO\LQWHUVHFWHGZLWKVLQJOHODVHUWUDFNVHDFKRULHQWDWHGDWWKHDQJOHVLQ7DEOH/DVHUWUDFN
ZLGWKLVNHSWFRQVWDQWDWdF PGXULQJDOOH[SHULPHQWV7KHFKRLFHRILQYHVWLJDWHGDQJOHVLVEDVHGRQWKHUHVXOWV
RI WKH VXUIDFH URXJKQHVV H[SHULPHQW )LJXUH 6HYHUDO DQJXODU VHWWLQJV ZKHUH D KLJK URXJKQHVV RFFXUV ZHUH
H[DPLQHGĳ FRPSOHPHQWHGE\VHWWLQJVZLWKD ORZURXJKQHVV
ĳ $QRWLFHDEOHFKDUDFWHULVWLF LV WKDWVHYHUDODQJXODUVHWWLQJVZLWKDKLJKURXJKQHVVUHSUHVHQW LQWHJHU
GLYLGHUVRI7DEOH1HYHUWKHOHVVRWKHUVHWWLQJVDOVRZLWKDKLJK URXJKQHVVGRQRWVKRZWKLVFKDUDFWHULVWLF
)XUWKHUPRUH WZR UHJLPHV RI LQWHJHU GLYLGHUV FDQ EH FODVVLILHG WKRVH ZLWK D GHQRPLQDWRU DQG WKRVH ZLWK D
GHQRPLQDWRU7DEOH7KLVLQGLFDWHVWKDWPRUHWKDQRQHPHFKDQLVPPD\FRQWULEXWHWRIRUPDWLRQRIURXJKQHVV
7DEOH,QYHVWLJDWHGKDWFKLQJDQJOHVIRUWZRWUDFNLQWHUVHFWLRQ
+DWFKLQJDQJOHĳ>@             
&RUUHVSRQGLQJLQWHJHU
GLYLGHURILIH[LVWHQW
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6XUIDFHURXJKQHVV6D>P@             

$IWHU H[HFXWLRQ RI WKH H[SHULPHQWV WKH LQWHUVHFWLRQ GLDJRQDOdIA DQG DEODWLRQ GHSWK RI LQWHUVHFWLRQ DUHDVZHUH
PHDVXUHGIRUDOOKDWFKLQJDQJOHVIURP7DEOH$GGLWLRQDOO\DOVRGHSWKRIHDFKVLQJOHODVHUWUDFNZDVDQDO\VHGDQG
SURYHGWREHFRQVWDQWDVH[SHFWHGǻzsingle§P)XUWKHUUHVXOWVVKRZWKDW WKHGHSWKRI WUDFNLQWHUVHFWLRQDUHDV
ǻzintersect§P LV í WLPHV KLJKHU WKDQ WKH GHSWK RI VLQJOH ODVHU WUDFNV 1HYHUWKHOHVV WKH GHSWK RI
LQWHUVHFWLRQDUHDVLVLQGHSHQGHQWRIWKHKDWFKLQJDQJOH
5HJDUGLQJ LQWHUVHFWLRQ GLDJRQDO )LJXUH VKRZV D PRGHO IXQFWLRQ RI WKH KDWFKLQJ DQJOH 7KH YDOXHV RI WKH
LQWHUVHFWLRQ GLDJRQDO VWURQJO\ GHFUHDVH IRU DQJOHV IURP ĳ í VWD\ RQ D OHYHO RI dIAP IRU JDLQLQJ
KDWFKLQJ DQJOHV DQG VWURQJO\ LQFUHDVH IRU DQJXODU VHWWLQJV IURP ĳ í )XUWKHUPRUH UHVXOWV IURP WKH
H[SHULPHQW VKRZ D KLJK FRUUHODWLRQ EHWZHHQ WKH FDOFXODWHG DQGPHDVXUHG LQWHUVHFWLRQ GLDJRQDO )LJXUHZKLFK
PHDQVWKDWDOVRWKHFRUUHVSRQGLQJLQWHUVHFWLRQDUHDFDQEHFDOFXODWHG6WDQGDUGGHYLDWLRQVIRUdIAPRFXUULQ
VXFKDVPDOOUDQJHWKDWWKH\FDQQRWEHVHHQLQ)LJXUH

ĳ +DWFKLQJ DQJOH
G) :LGWK RIODVHUWUDFN
G,$ ,QWHUVHFWLRQ GLDJRQDO
$,$ ,QWHUVHFWLRQDUHD
$,$
/DVHUWUDFN
G,$
ĳ
G) G)
/DVHUIRFXV
E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 
)LJ,QWHUVHFWLRQGLDJRQDOGHSHQGLQJRQWKHKDWFKLQJDQJOH
$V WKHDQJXODUVHWWLQJVIURPĳ íDQGIURPĳ íVKRZDQ LGHQWLFDOEHKDYLRXU LQ)LJXUH WKH
WKH FRQFOXVLRQ FDQ EH PDGH WKDW WKH OHQJWK RI LQWHUVHFWLRQ GLDJRQDO DQG WKXV WKH VL]H RI LQWHUVHFWLRQ DUHD
VLJQLILFDQWO\ LQIOXHQFHVWKHIRUPDWLRQRIURXJKQHVV6FDOLQJWKLVUHODWLRQWRD ODUJHUFRQWH[W WKLVPHDQVWKDWGXULQJ
DUHDODEODWLRQDODUJHQXPEHURILQWHUVHFWLRQVRFFXUZKLFKHDFKLQFOXGHDíWLPHVKLJKHUDEODWLRQGHSWKLQWKH
LQWHUVHFWLRQ]RQHWKDQLQVLQJOHODVHUWUDFNV7KHVHLUUHJXODULWLHVDGGXSRYHUWKHHQWLUHDEODWLRQDUHDDQGWKXVFUHDWHD
URXJKQHVV7KHUHIRUHWKHLQWHUVHFWLRQGLDJRQDOLVWKHFKDUDFWHULVWLFSDUDPHWHUWRH[SODLQHOHYDWHGVXUIDFHURXJKQHVV
DW DQJOHV RI ĳ í DQG ĳ í )LJXUH 1HYHUWKHOHVV LQFUHDVHG URXJKQHVV DW DQJOHV EHWZHHQ
ĳ íFDQQRWEHH[SODLQHGWKURXJKLQWHUVHFWLRQGLDJRQDODQGLQWHUVHFWLRQDUHDVLQFHWKHKLJKH[SRVHGYDOXHV
IURP)LJXUHDUHQRWUHSUHVHQWHGE\WKHPRGHOFXUYHDQGH[SHULPHQWVIURP)LJXUH
4.3. Multiple track intersection  
'XULQJDUHDODEODWLRQQRWRQO\LQWHUVHFWLRQVEHWZHHQWZRODVHUYHFWRUVRFFXU:KHQPXOWLSOHOD\HUVDUHDEODWHGWKH
SUREDELOLW\LQFUHDVHVWKDWDQDOUHDG\H[LVWLQJLQWHUVHFWLRQEHWZHHQWZRODVHUWUDFNVLVLUUDGLDWHGVHYHUDOWLPHVPRUH
7KHUHIRUH WKHREMHFWLYHRI WKLVH[SHULPHQW LV WR ILQG WKH UHODWLRQVKLSEHWZHHQ WKHQXPEHURIPXOWLSOHRYHUODSSLQJ
ODVHUWUDFNVDQGWKHGHSWKRIWKHUHVXOWLQJLQWHUVHFWLRQDUHD/DVHUWUDFNVDUHGLVWULEXWHGDURXQGWKHFLUFXPIHUHQFHDQG
FURVVHGDWRQHSRLQW)LJXUHD7KHIROORZLQJTXDQWLW\RIWUDFNVDUHH[DPLQHGQ DQG
DQGWKHGHSWKRIWKHLQWHUVHFWLRQDUHDVLVPHDVXUHG
,Q )LJXUHE DQ DSSUR[LPDWHO\ OLQHDU UHODWLRQVKLS EHWZHHQ WKH QXPEHU RI LQWHUVHFWLQJ WUDFNV DQG GHSWK RI WKH
UHVXOWLQJLQWHUVHFWLRQDUHDLVVKRZQRQDORJDULWKPLFVFDOH7KHOLQHDULW\DSSOLHVZLWKLQWKHUHJDUGHGUDQJHRIDEODWHG
GHSWK)RUDELJJHUGHSWKDGHFOLQHRIIXUWKHUDEODWLRQGXHWRHIIHFWVRIUDGLDWLRQVKLHOGLQJDQGDOLPLWHGDVSHFWUDWLR
FDQEHDVVXPHG>@
)RU DUHDO DEODWLRQ LW FDQ EH GHULYHG WKDW WKH VKRZQ LQFUHDVH LQ GHSWK RIPXOWLSOH LQWHUVHFWLRQ DUHDV OHDGV WR D
FRUUHVSRQGLQJ LQFUHDVH LQ VXUIDFH URXJKQHVV1HYHUWKHOHVV WKH DSSHDUHDQFH RIPXOWLSOH WUDFN LQWHUVHFWLRQV GXULQJ
DUHDODEODWLRQLVGHSHQGHQWRQDVWDWLVWLFDOFRPSRQHQW)LJXUHDQGLQSUDFWLFHDOVRGHSHQGHQWRQWKHGLPHQVLRQRI
ZRUNSLHFH JHRPHWU\ 7KHUHIRUH WKLV PHFKDQLVP FDQQRW EH GLUHFWO\ UHODWHG WR FHUWDLQ DQJXODU VHWWLQJV <HW WKH
SUREDELOLW\ WKDW SRLQWVZLWK DQ DOUHDG\ SUHVHQW WZRWUDFN LQWHUVHFWLRQ DUH LUUDGLDWHG VHYHUDO WLPHVPRUH LQFUHDVHV
ZLWKDVPDOOHUKDWFKLQJDQJOHDVPDOOHUWUDFNGLVWDQFHDQGODUJHUQXPEHURIDEODWHGOD\HUV)LJXUH$GGLWLRQDOO\D
PDWKHPDWLFDO SUHFLVH SRLQW RIPXOWLSOH LQWHUVHFWLRQ LV QRW QHFFHVDUU\ 5HJDUGLQJ WKH ODVHU SURFHVV LW LV VXIILFLHQW
ZKHQ DQ DOPRVW LQWHUVHFWLRQ LV SUHVHQW ,Q WKLV FDVH WKH ODVHU IRFXV SDVVHV WKH LQWHUVHFWLRQ DUHD SDUWLDOO\ DQG WKH
DOUHDG\SUHVHQW FDYLW\ IURPD SUHYLRXV LQWHUVHFWLRQ LV IXUWKHU GHHSHQHGGXH WR WKH FRPELQDWLRQRI VPDOO EXW GHHS
FDYLWLHVZLWKHIIHFWVRIVHOIIRFXVLQJFDXVHGE\UHIOHFWLRQVGXHWRDQRQUHFWDQJXODULQFLGHQFHDQJOHZKHQLPSDFWLQJ
DQRQSODQDUVXUIDFH>@
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D E 
)LJD0LFURVFRSLFLPDJHRIPXOWLSOHLQWHUVHFWLRQEGHSWKRILQWHUVHFWLRQGHSHQGLQJRQWKHQXPEHURILQWHUVHFWLQJODVHUWUDFNV
 
)LJ([LVWHQFHRIPXOWLSOHLQWHUVHFWLRQSRLQWLQGHSHQGHQF\RIKDWFKLQJDQJOHDQGWUDFNGLVWDQFH
7KHUHIRUH WKH SUHVHQFH RIPXOWLSOH WUDFN LQWHUVHFWLRQV FDQ JLYH DQ H[SODQDWLRQ IRU WKH VFDWWHULQJ RI URXJKQHVV
YDOXHVIRUYDU\LQJDQJOHVIURP)LJXUHWKDWVWLOODUHDVVRFLDWHGZLWKLQWKHVDPHPHFKDQLVPRIURXJKQHVVIRUPDWLRQ
)LJXUH)RUWKHH[SODQDWLRQRIVLJQLILFDQWO\HOHYDWHGYDOXHVRIVXUIDFHURXJKQHVVLQWKHPLGUDQJHIRUKDWFKLQJ
DQJOHVHJĳ HWFHWHUDIXUWKHUFRQVLGHUDWLRQVQHHGWREHPDGH
4.4. Cycle completion number 
,QRUGHUWRGHWHUPLQHWKHIRUPDWLRQPHFKDQLVPEHKLQGLQFUHDVHGURXJKQHVVDWDQJOHVEHWZHHQĳ íWKH
F\FOHFRPSOHWLRQQXPEHUncycLVLQWURGXFHG7KHF\FOHFRPSOHWLRQQXPEHUGHVFULEHVDIWHUKRZPDQ\DSSOLHGOD\HUV
WKHODVHUWUDFNVDUHLGHQWLFDOO\RULHQWDWHGDVWKHILUVWOD\HUGHSHQGLQJRQWKHKDWFKLQJDQJOHLHDIWHUKRZPDQ\OD\HUV
DF\FOHLVFRPSOHWHG5HIHUULQJWRWKHGHVFULEHGV\PPHWU\6HFWLRQWKHIRUWKRUEDFNZDUGVPRYLQJGLUHFWLRQRI
WKHODVHUIRFDOVSRW)LJXUHDKDVQRLQIOXHQFHRQWKHSDVVLQJEHKDYLRUZLWKLQDJURRYHOLNHODVHUWUDFN$FFRUGLQJO\
DQJXODUVHWWLQJVRIĳ DQGĳ DUHDVVRFLDWHGWRDF\FOHFRPSOHWLRQQXPEHURIncyc ZKLOHIRUH[DPSOH
ĳ LVUHODWHGWRncyc DQGĳ DVZHOODVĳ DUH LQ WKHVDPHRULHQWDWLRQDIWHUn  OD\HUV$IWHUD
F\FOHLVFRPSOHWHGWKHJURRYHRIWKHILUVWODVHUWUDFNRIWKHF\FOHLVIXUWKHUGHHSHQHGDQGDUHJXODUSHULRGLFSURILOHRI
URXJKQHVVLVPDQLIHVWHG)LJXUHE,QWKLVFRQWH[WWKHQXPEHURISDVVHVnpasGHVFULEHVWKHDPRXQWRISDVVHVRIWKH
WKHIRFDOVSRWZLWKLQDQLGHQWLFDOODVHUWUDFNXQWLOOD\HUVRIDEODWLRQDUHUHDFKHG








   
'
HS
WK
R
IL
QW
HU
VH
FW
LR
Q
DU
HD
>
P
@
1XPEHURILQWHUVHFWLQJODVHUWUDFNVQL>@
ǀĞƌĂŐĞĚĞƉƚŚ
>ŝŶĞĂƌŝŶƚĞƌƉŽůĂƚŝŽŶ
TD2
[
\ /DVHUWUDFNV
3ULRU
LQWHUVHFWLRQ SRLQW
[
\
TD1
ĳ2ĳ1 ĳ1 > ĳ2
TD1 > TD2
0XOWLSOH
LQWHUVHFWLRQ SRLQW
 Christian Daniel et al. /  Physics Procedia  83 ( 2016 )  135 – 146 143
D E 
)LJD6FKHPHRIIRUWKRUEDFNZDUGVGLUHFWLRQRIWKHODVHUE5HJXODUSDWWHUQLQ'WRSRJUDSK\DQG6(0LPDJH
7KHPRGHOGHVFULSWLRQIRUF\FOHFRPSOHWLRQQXPEHUDQGQXPEHURISDVVHVLVUHSUHVHQWHGE\WKHIRUPXODLQYROYLQJ
WKHOHDVWFRPPRQPXOWLSOH/&0
cyc
pascyc n
nLCMn q zq  M
M
M   
)LJXUH VKRZV WKHFDOFXODWHGYDOXHVRI WKHF\FOHFRPSOHWLRQQXPEHUDQG WKHQXPEHURISDVVHV LQDQ LGHQWLFDO
ODVHUWUDFNDWn OD\HUVIRUDOOKDWFKLQJDQJOHVEHWZHHQĳ DQGĳ +DWFKLQJDQJOHVWKDWOHDGWRDKLJK
URXJKQHVVFRPSDUH)LJXUHDUHPDUNHGZLWKUHGVTXDUHV)LJXUH'XHWRWKHFRUUHODWLRQEHWZHHQWKHDSSHDUDQFH
RIKLJK URXJKQHVVYDOXHV DQG D ORZF\FOHFRPSOHWLRQQXPEHU WKH FRQFOXVLRQ FDQEHPDGH WKDW DKLJKQXPEHURI
SDVVHV LQ DQ LGHQWLFDO ODVHU WUDFN FUHDWHV DQ LQFUHDVHG VXUIDFH URXJKQHVV7KHUHIRUH LQFUHDVHG URXJKQHVV DW DQJOHV
EHWZHHQĳ íFDQEHH[SODLQHGE\WKHF\FOHFRPSOHWLRQQXPEHU

 
)LJ&\FOHFRPSOHWLRQQXPEHUDQGQXPEHURISDVVHVGHSHQGLQJRQWKHKDWFKLQJDQJOH
4.5. Roughness development stages 
7KH LGHQWLILHG PHFKDQLVPV RI URXJKQHVV IRUPDWLRQ DUH VXEVHTXHQWO\ WUDQVIHUUHG WR DQ DUHDO DEODWLRQ SURFHVV
ZKHUHWKUHHGLIIHUHQWKDWFKLQJDQJOHVĳ DUHH[DPLQHG2EMHFWLYHRIWKHH[SHULPHQWLVWRLQYHVWLJDWHWKH
GHYHORSPHQW RI VXUIDFH URXJKQHVV IRU WKH WKUHH KDWFKLQJ DQJOHV DQG WR FRQQHFW WKHP ZLWK WKH SULRU LGHQWLILHG
PHFKDQLVPVRIVXUIDFHURXJKQHVVIRUPDWLRQ7KHUHIRUHLQHDFKFDVHn OD\HUV
DUHDEODWHGDQGWKHURXJKQHVVSaLVPHDVXUHGDWHDFKVWDJH7KHFKRLFHRIKDWFKLQJDQJOHVLQFRPELQDWLRQZLWKWKH
QXPEHU RI OD\HUV HQVXUHV WKDWPRUH WKDQ D IXOO F\FOH LV FRPSOHWHG ncyc, 3° ncyc, 42° ncyc, 90°  DQG WKH
URXJKQHVVYDOXHVWKHUHIRUHUHDFKWKHLUSHDNOHYHO
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 
)LJ'HYHORSPHQWVWDJHVRIVXUIDFHURXJKQHVV
$V IRU DOO RWKHU H[SHULPHQWV DEODWLRQ EHJLQV RQ D WXQJVWHQ FDUELGH EODQN ZLWK D VXUIDFH URXJKQHVV RI
Sa P)LJXUHVKRZVWKDWWKHVXUIDFHURXJKQHVVLQFUHDVHVOD\HUE\OD\HUXQWLOLWUHDFKHVLWVPD[LPDOYDOXH
GHSHQGHQW RQ WKH KDWFKLQJ DQJOH 7KH RYHUDOO WUHQG VKRZV WKDW WKH URXJKQHVV LQLWLDOO\ LQFUHDVHV TXLFNO\ IRU DOO
KDWFKLQJDQJOHVDQGVXEVHTXHQWO\HDFKPD[LPXPYDOXHRIURXJKQHVVLVUHDFKHGDV\PSWRWLFDOO\
$W D KDWFKLQJ DQJOH RIĳ  WKH VXUIDFH URXJKQHVV LQFUHDVHV VWURQJO\ ZLWKLQ WKH ILUVW  OD\HUV GXH WR WKH
IRUPDWLRQ RI D UHJXODU SHULRGLF SURILOH 7KH PHFKDQLVP RI VXUIDFH URXJKQHVV IRUPDWLRQ EDVHG RQ WKH F\FOH
FRPSOHWLRQQXPEHULVGRPLQDQWVHH)LJXUH,QFRQWUDVWDWDKDWFKLQJDQJOHRIĳ WKHIRUPDWLRQRIDUHJXODU
SHULRGLFSURILOHLVQRWSUHVHQW7KHIRUPDWLRQRIURXJKQHVVLVEDVHGRQWKHPHFKDQLVPRILQWHUVHFWLRQDUHDV)RUWKLV
UHDVRQ WKH URXJKQHVV LQFUHDVHV VORZO\ DW ILUVW ZKLOH WKH UDWH RI LQFUHDVH ULVHV DIWHU n  OD\HUV ZKHQ D ODUJHU
QXPEHURILQWHUVHFWLRQVKDVEHHQJHQHUDWHG:LWKDKDWFKLQJDQJOHRIĳ DILQDOURXJKQHVVRISa PLV
FUHDWHGZKLFK VWD\V RQ D OHYHO ORZHU WKDQ ZLWK KDWFKLQJ DQJOHV RIĳ  DQGĳ  ,Q WKH FDVH RI Dĳ 
KDWFKLQJDQJOH WKHPHFKDQLVPRI LQWHUVHFWLRQDUHDVDOVR LQIOXHQFHV WKHUHVXOWLQJVXUIDFHTXDOLW\<HW WKH LQIOXHQFH
GRHV QRW OHDG WR DQ HOHYDWHG URXJKQHVV GXH WR WKH SUHVHQFH RI RQO\ VPDOO LQWHUVHFWLRQ DUHDV VHH )LJXUH
)XUWKHUPRUHWKHIRUPDWLRQRIDUHJXODUSHULRGLFSURILOHLVH[FOXGHGE\DF\FOHFRPSOHWLRQQXPEHURIncyc, 42° 
&RQFOXVLRQ
,QWKHSUHVHQWHGUHVHDUFKWKHLQIOXHQFHRIWKHKDWFKLQJH[SRVXUHVWUDWHJ\RQWKHVXUIDFHTXDOLW\GXULQJSLFRVHFRQG
ODVHU DEODWLRQ RI WXQJVWHQ FDUELGH ZDV H[DPLQHG 7ZR VLJQLILFDQW PHFKDQLVPV RI URXJKQHVV IRUPDWLRQ ZHUH
LGHQWLILHGZKLFKERWKFRQWULEXWH WRDKLJKYDOXHRI VXUIDFH URXJKQHVV:KLOH WKH LQWHUVHFWLRQGLDJRQDOdIA DQG WKH
FRUUHVSRQGLQJLQWHUVHFWLRQDUHDAIADUHWKHFKDUDFWHULVWLFSDUDPHWHUVWRH[SODLQHOHYDWHGVXUIDFHURXJKQHVVDWDQJOHV
RI ĳ í DQG ĳ í WKH F\FOH FRPSOHWLRQ QXPEHU ncyc GHWHUPLQHV LQFUHDVHG URXJKQHVV DW DQJOHV
EHWZHHQĳ íDVZHOODV IRUĳ DQGĳ  )LJXUH ,QFRQFOXVLRQJXLGHOLQHVDUHGHULYHGZKLFK
SUHVHQWDIDYRUDEOHVHWWLQJIRUDODVHUDEODWLRQSURFHVVRIKLJKTXDOLW\7KHIROORZLQJERXQGDU\FRQGLWLRQVVKRXOGEH
WDNHQLQWRDFFRXQWGXULQJDKLJKTXDOLW\ODVHUDEODWLRQSURFHVV
x &KRRVLQJKDWFKLQJDQJOHVRYHUĳ EXWEHORZĳ LQRUGHUWRUHFHLYHDVPDOOLQWHUVHFWLRQDUHDLGHDOO\WKH
SDUDPHWHURILQWHUVHFWLRQGLDJRQDOVKRXOGEHZLWKLQdIAPSUHVXPHGVLPLODUODVHUSDUDPHWHUVHVSHFLDOO\D
VLPLODUZLGWKRIODVHUWUDFNDUHXVHG
x $WWKHVDPHWLPHFKRRVLQJKDWFKLQJDQJOHVZLWKDKLJKF\FOHFRPSOHWLRQQXPEHULGHDOO\ncyc!
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x $GMXVWPHQWRIKDWFKLQJDQJOHLQVXFKDZD\WKDWPXOWLSOHWUDFNLQWHUVHFWLRQVDUHDYRLGHG7KLVFDQEHDFKLHYHGE\
ODUJHKDWFKLQJDQJOHVDQGDODUJHWUDFNGLVWDQFH7'JLYHQWKDWFRQIRUPLW\ZLWKWKHGHWHUPLQDWLRQRIODVHU
SDUDPHWHUVLVHQVXUHG
x $VH[HPSODU\E\DVHWWLQJRISRVVLEOHKDWFKLQJDQJOHVRIĳ RUDQHOHYDWLRQLQURXJKQHVVFDQEH
DYRLGHG

)LJ&ODVVLILFDWLRQIRUPHFKDQLVPVRIVXUIDFHURXJKQHVVIRUPDWLRQ
%\FRPSO\LQJWRWKHGLVFXVVHGJXLGHOLQHVLQWKHSUHVHQWH[DPLQDWLRQWKHVXUIDFHURXJKQHVVFDQEHUHGXFHGIURPD
YDOXHRISa LQWKHZRUVWFDVHRIDSSO\LQJDKDWFKLQJDQJOHRIĳ WRSa PZLWKDKDWFKLQJDQJOHRI
ĳ $OVRRWKHUKDWFKLQJDQJOHVIXOILOOWKHERXQGDU\FRQGLWLRQVDQGUHDFKFRPSDUDEOHUHVXOWVOLNHSa P
ZLWKDKDWFKLQJDQJOHRIĳ :LWKWKLVDSSURDFKWKHLQLWLDOURXJKQHVVFDQEHUHGXFHGE\IDFWRUíZLWK
YHU\ORZFRQVXPSWLRQRIWLPHDQGHIIRUWE\VLPSO\VHWWLQJDIDYRUDEOHKDWFKLQJDQJOH7KHUHIRUHDSSO\LQJDKDWFKLQJ
DQJOH UHSUHVHQWV D IHDVLEOH SRVVLELOLW\ IRU LQGXVWULDO DEODWLRQ SURFHVVHV ZLWKRXW LQWHJUDWLRQ RI DQ\ DGGLWLRQDO
FRPSOH[ RU H[SHQVLYH V\VWHPV )XUWKHUPRUH GXH WR WKH LGHQWLILFDWLRQ RI URXJKQHVV IRUPDWLRQ DV D JHRPHWULFDOO\
EDVHGHIIHFW LW FDQEHDVVXPHG WKDW WKHH[DPLQHGPHFKDQLVPVFDQDOVREH WUDQVIHUUHG WRDEODWLRQSURFHVVHVZLWK
GLIIHUHQWW\SHVRIPDWHULDOVDQGODVHUVRXUFHV
5HIHUHQFHV
>@'ROG&+HQHULFKV0%RFKPDQQ/:HJHQHU.&RPSDULVRQRIJURXQGDQGODVHUPDFKLQHGSRO\FU\VWDOOLQHGLDPRQG3&'WRROV
LQFXWWLQJFDUERQILEHUUHLQIRUFHGSODVWLFV&)53IRUDLUFUDIWVWUXFWXUHVWK&,53&RQIHUHQFHRQ+LJK3HUIRUPDQFH&XWWLQJ3URFHGLD
&,53±
>@+DOOPDQQ61RGRS5'DQLHO&:HSSOHU0*HLV*HUVWRUIHU-(PPHOPDQQ&,PSURYHPHQWRIWKHDGKHVLRQEHWZHHQ&R&U
DQGGHQWDOFHUDPLFVE\ODVHUVXUIDFHVWUXFWXULQJ/DVHUVLQ0DQXIDFWXULQJ&RQIHUHQFH
>@.RUGW-.RQWXUQDKHV/DVHUVWUDKOVWUXNWXULHUHQIU.XQVWVWRIIVSULW]JLHZHUN]HXJH+RFKVFKXOYHUODJ5:7+$DFKHQ
>@+DOOPDQQ6*ORFNQHU3'DQLHO&6H\GD9(PPHOPDQQ&0DQXIDFWXULQJRI0HGLFDO,PSODQWVE\&RPELQDWLRQRI6HOHFWLYH
/DVHU0HOWLQJDQG/DVHU$EODWLRQ/DVHUV0DQXI0DWHU3URFHVV6SULQJHU1HZ<RUN
>@:DOWHU&.RPLVFKNH7:HLQJlUWQHU(:HJHQHU.6WUXFWXULQJRI&%1JULQGLQJWRROVE\XOWUDVKRUWSXOVH ODVHUDEODWLRQWK
&,53,QWHUQDWLRQDO&RQIHUHQFHRQ+LJK3HUIRUPDQFH&XWWLQJ+3&3URFHGLD&,53±
>@2EHUJ(-RQHV)+RUWRQ+5\IIHO+0DFKLQHU\¶V+DQGERRNWK(GLWLRQ,QGXVWULDO3UHVV1HZ<RUN
>@'DQLHO&2VWHQGRUI6+DOOPDQQ6(PPHOPDQQ&3LFRVHFRQGODVHUSURFHVVLQJRISRO\FU\VWDOOLQHFXELFERURQQLWULGH-RXUQDORI
/DVHU$SSOLFDWLRQV. 
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